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ABSTRACT
Observations show that the power of solar acoustic waves is reduced inside magnetic regions. Several mechanisms,
including absorption, emissivity reduction, and local suppression, may contribute to the observed power reduction
in magnetic regions. So far there is no way to distinguish absorption from emissivity reduction in a magnetic region.
In this study, we use the property that the waves emitted along the wave path between two points have no correlation
with the signal at the starting point to separate absorption from emissivity reduction in a sunspot, and measure the
absorption coefficient in the sunspot. This method uses the direction filter, phase-velocity filter, and cross correlation.
We apply this method to an active region, NOAA 9062. The absorption coefficient of the leading sunspot of
NOAA 9062 is 0.23 ± 0.01 determined from the wave packet traveling northward with a phase velocity of 6.98 ×
10−5 rad s−1, corresponding to l = 300 at 3.33 mHz. The absorption coefficient is 0.17 ± 0.03 determined from the
wave packet traveling southward. The corresponding contribution of absorption to the power deficit in the sunspot
is 0.15±0.01, in units of power in the quiet Sun, for the northward waves, and 0.11±0.02 for the southward waves.
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1. INTRODUCTION
There are two types of observations showing that solar
acoustic power is reduced in magnetic regions. The first one
is the direct measurement of power of oscillations in magnetic
regions in comparison with the quiet Sun (Lites et al. 1982). It is
best shown by acoustic power maps, spatial distributions of time-
averaged velocity square. Observed acoustic power maps show
that the acoustic wave amplitude in magnetic regions is lower
than that in the quiet Sun (Braun et al. 1992; Hindman & Brown
1998; Ladenkov et al. 2002). In the second type of observations,
the acoustic waves around a sunspot are decomposed into waves
propagating toward the sunspot and waves propagating outward
from the sunspot with Hankel function or spherical harmonic
function analysis (Braun et al. 1987; Bogdan et al. 1993; Braun
1995; Chen et al. 1996). The amplitude of inward waves is
greater than that of outward waves.
Several mechanisms may contribute to the observed power
reduction in magnetic regions. Here, we divide them into
three categories: absorption, emissivity reduction, and local
suppression. The following three mechanisms fall into the first
category, absorption. First, the mechanical energy of acoustic
waves may be converted into thermal energy (heat) due to
the interaction with magnetic fields (Hollweg 1988). Second,
the acoustic waves may be converted into modes which are
beyond the detection range (Cally & Bogdan 1993; Crouch
& Cally 2005; Gordovskyy & Jain 2008). Third, the cut-
off frequency could be modified in the magnetic region such
that the wave leakage to the outer atmosphere is enhanced.
Since we cannot observationally distinguish between these three
mechanisms, hereinafter we refer to them as absorption caused
by the magnetic field. The second category is the emissivity
reduction. The emission of acoustic waves may be reduced
in magnetic regions compared with quiet regions due to the
reduction in convection in magnetic regions (Parchevsky &
Kosovichev 2007). The redistribution of energy among different
modes may lead to emission enhancement in magnetic regions
for some modes. Thus, the emissivity reduction defined here
may be negative in magnetic regions for some modes. The third
category is the local suppression. The observed lower power
of oscillations in magnetic regions may be caused by a local
change in wave amplitude, rather than a change in energy.
In this study, we devise a method to separate absorption from
emissivity reduction in a sunspot, and determine the absorp-
tion coefficient. This method uses the direction and phase-
velocity filters, and the cross-correlation technique in time–
distance analysis. In time–distance analysis, the travel time of
a wave packet versus the travel distance is determined from the
cross-correlation function of signals measured at two locations
(Duvall et al. 1993; Kosovichev et al. 2000). It is worth men-
tioning that there is some similarity between the direction filter
used here and the one-dimensional analysis in Cameron et al.
(2008).
2. METHOD
As the waves propagate through the medium, two opposite
processes are always at work: dissipation of wave energy and
generation of new waves. In the quiet Sun, these two mecha-
nisms balance such that the acoustic power remains approx-
imately constant at any time and any location. In a mag-
netic region, the energy dissipation is enhanced because of
absorption, and the energy generation is reduced because of
reduction in turbulence. To better explain our method, we il-
lustrate the energy budget of waves propagating through the
quiet Sun and a magnetic region with schematic diagrams in
Figure 1. Consider a wave packet, formed by modes with sim-
ilar horizontal phase velocity, propagating in a particular hor-
izontal direction. Its ray path in the quiet Sun is shown in the
upper diagram in Figure 1. The acoustic power is constant in
the quiet Sun, denoted by I. As the wave packet propagates
from A to B, its power is reduced by a factor of (1 − d) due
to dissipation, where d is the dissipation coefficient in the quiet
Sun. Energy generated by the turbulent source along the wave
path is eI , where the emission coefficient e in the quiet Sun
has to equal d such that the power is uniform everywhere
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Figure 1. Schematic plot for energy budget of solar acoustic waves propagating
in one horizontal direction (see the text for explanation).
in the quiet Sun. The signal associated with eI at B
does not correlate with the signal associated with
I at A because it is generated along the path between A and
B. Only the signal associated with (1 − d)I at B correlates with
that at A. As the wave packet propagates from B to C, the power
(1 − d)I at B decreases to (1 − d)2I at C due to dissipation.
The power eI at B also decreases by a factor of (1 − d) due
to dissipation when it arrives at C. On the way from B to C,
power eI is generated again. The total acoustic power at C is
(1 − d)2I + (1 − d)eI + eI = I , as expected. Only part of the
power at C, (1 − d)2I , correlates with that at A. The rest of the
power at C is generated along the path between A and C, and
has no correlation with that at A.
If a magnetic region is present at B, the situation is a little
more complicated, shown in the lower diagram in Figure 1.
Besides the dissipation along the wave path from A to B in
the quiet Sun, there exists additional absorption associated
with the magnetic region. If we parameterize this additional
absorption in the magnetic region by an absorption coefficient a,
the acoustic power coming from A and arriving at B is reduced to
(1−a)(1−d)I . It is noted that since the wave packet is reflected
at B, the factor (1 − a) accounts for only the contribution from
the first half of the wave path inside the magnetic region, which
is upward. The absorption coefficient a defined here is different
from the absorption coefficient measured in the Hankel analysis.
As the wave packet propagates from B to C, its power is reduced
further by a factor of (1−a)(1−d). The acoustic power coming
from A and arriving at C is (1 − a)2(1 − d)2I . There are also
waves generated along the path from A to B and from B to C. The
wave emission could change in the magnetic region compared
with the quiet Sun. Thus, the acoustic power emitted along the
path from A to B or from B to C is different from eI . The acoustic
power emitted along the path from A to C and arriving at C is
different from the value in the quiet Sun, (1 − d)eI + eI . Since
this part of the power does not correlate with the power at A, we
will not go into the detail here.
Only part of the power at C, (1−a)2(1−d)2I , correlates with
that at A. The rest of the power at C is generated along the path
between A and C, and has no correlation with that at A. Thus, the
correlation between signals at A and C can separate absorption
in the magnetic region from emission. Here, we define the cross-
correlation function between signals at A and C as
F (τ ) =
∑
t ΨA(t)ΨC(t + τ )∑
t [ΨA(t)]2
, (1)
where ΨA and ΨC are the wave functions at A and C, respec-
tively. It is noted that the normalization factor defined here is
the sum of the square of the wave function at A, different from
the conventional definition. The power is proportional to the
square of the wave function. From Figure 1, the peak of the
envelope of F (τ ) has a value of (1 − a)(1 − d) for the magnetic
region and (1 − d) for the quiet Sun, if the dispersion of the
wave packet is ignored. However, observations have shown that
dispersion of the wave packet exists, manifested in the increase
in width of the cross-correlation function (Chou & Ladenkov
2007; Burtseva et al. 2007). Corrected by the change in width
of the cross-correlation function, (1 − a) can be expressed as
1 − a =
(
Fsp
Fqs
)(
Wsp
Wqs
)
, (2)
where Fsp and Fqs are the magnitudes of the cross-correlation
function at the second skip for the sunspot and the quiet Sun,
respectively, and Wsp and Wqs are the ratios of the width of the
cross-correlation function at the second skip to that at the first
skip for the sunspot and the quiet Sun, respectively.
Here we have assumed that the waves propagate only in
one horizontal direction. In practice, the direction filter has a
finite width, and the waves propagate in a range of directions
instead of a single direction. A range of propagation directions
would make the discussion of energy budget more complicated
than described in Figure 1. However, Equation (2) remains
unchanged because the effects of waves propagating in more
than one direction on the sunspot and on the quiet Sun cancel
out. In Section 4, we will discuss the results using the direction
filter with different widths. It is noted that the local suppression
in the magnetic region could also affect the power at B. However,
since it does not affect the signal at C which is used to
determine the absorption coefficient a, we will not discuss it
here.
3. DATA AND ANALYSIS
In this study, we use the helioseismic data taken with the
MDI on board Solar and Heliospheric Observatory (SOHO)
(Scherrer et al. 1995). The data are 1024×1024 full-disk Dopp-
lergrams taken at a rate of one image per minute. A time series of
2048 minutes taken in the period of 2000 July 1–2 is used in this
study. The procedure for preliminary data reduction is described
as follows. (1) To remove the solar rotation and slow temporal
variations, the 61-frame running mean is subtracted from the
measured signal at each spatial point. (2) A temporal filter is
applied to remove signals below 0.5 mHz. (3) Each full-disk
image is transformed into coordinates of longitude and latitude.
(4) The differential rotation of the solar surface is removed. (5)
An area centered at the leading sunspot of NOAA 9062 is se-
lected, and each image is transformed into a coordinate system
of (φ, θ ), centered at the sunspot center, where φ is the east–west
direction and θ is the north–south direction. The dimension of
the selected region is 45◦ in φ and 45◦ in θ . The pixel number
is 256 × 256. Each grid size is 0◦.176 × 0◦.176.
The data cube after the above procedure is ready for applying
the direction and phase-velocity filters. The first direction filter
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Figure 2. Filters and acoustic power maps. (a) Direction filter of ±15◦ in
the Fourier domain (kφ, kθ ), (b) phase-velocity filter in the (k, ω) diagram,
(c) line-of-sight magnetic map, (d) acoustic power map without any filter, (e)
acoustic power map with northward direction filter, (f) acoustic power map with
southward direction filter, (g) acoustic power map with northward direction
filter and phase-velocity filter, (h) acoustic power map with southward direction
filter and phase-velocity filter. The dimension of each map is 45◦ × 45◦.
used here is to isolate the waves propagating in the directions
within ±15◦ from the north or the south (Chou et al. 2008).
The direction filter of ±15◦ in the north–south direction in the
Fourier domain (kφ, kθ ) is shown in Figure 2(a). We further
apply the phase-velocity filter centered at 6.98 × 10−5 rad s−1
(corresponding to l = 300 at 3.33 mHz) with a width of
5.82×10−5 rad s−1, shown in Figure 2(b), to isolate waves within
Figure 3. Cross-correlation functions of sunspot (left panel) and peak values
of the envelope of the cross-correlation functions vs. angular distance Δ (right
panel) for the northward waves. In the left panel, the distance is in units of pixel,
corresponding to 0◦.176. In the right panel, the solid line is for the sunspot, and
the dotted line is for the quiet Sun. The arrow marks the location of the second
skip.
a small range of phase velocity. Both the direction filter and
the phase-velocity filter are smoothed with a Hanning window.
The acoustic power maps, computed by averaging the velocity
square over time, are shown in Figure 2. The acoustic power
map without any filter is shown in (d). The magnetic map in
the same period is shown in (c). The central active region is
NOAA 9062. The acoustic power maps of the waves propagating
in the directions within ±15◦ from the north and the south are
shown in (e) and (f), respectively. The acoustic power maps of
the waves filtered with the northward and southward direction
filters and phase-velocity filter are shown in (g) and (h).
4. ABSORPTION IN SUNSPOTS
In Figure 2(g), the leading sunspot of NOAA 9062 has a
secondary image north of the sunspot. The secondary image is
formed by the one-skip wave packet from the sunspot. The
separation between the secondary image and the sunspot is
about 3◦.5, consistent with the one-skip travel distance of the
wave packet with a phase velocity of 6.98 × 10−5 rad s−1.
Similarly, in (h) there is a secondary image south of the sunspot.
To compute the cross-correlation function F (τ ) in Equation (1),
we select the center of the sunspot to be point B in Figure 1, and
point A is located at a distance of 3◦.5 south of A for the waves
propagating northward. The cross-correlation function F (τ,Δ)
is computed between A and a point at a distance of Δ north of A
at the same longitude. The computation of F (τ,Δ) is repeated
for different reference points in an area of 7 × 7 pixels centered
at A. These 49 cross-correlation functions are averaged to reduce
noise. The averaged cross correlation as a function of τ and Δ
is shown in the left panel of Figure 3. The step of Δ is one pixel,
corresponding to 0◦.176. The step of τ is 1 minute.
Since we are interested in the magnitude of the cross-
correlation function, we determine the envelope of the cross-
correlation function by a method of demodulation for each Δ
(Bracewell 1986). The magnitude of the cross-correlation func-
tion at Δ is defined as the peak value of the envelope of the cross-
correlation function atΔ. The magnitude of the cross-correlation
function versus Δ is shown by a solid line in the right panel of
Figure 3. The three peaks of the solid line correspond to the first
three skips of the wave packet. The location of the first peak
coincides approximately with the sunspot center. Similarly, we
compute F (τ,Δ) for the quiet Sun, and determine the peak value
of the envelope of F (τ,Δ). The result is shown by a dotted line
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Table 1
Measured Coefficients
Direction Width Fsp Fqs Wsp Wqs a d Pa
N ±8 0.40 0.53 1.18 1.16 0.23 0.36 0.15
N ±10 0.40 0.53 1.18 1.16 0.24 0.35 0.15
N ±15 0.40 0.53 1.20 1.17 0.22 0.35 0.14
S ±8 0.43 0.53 1.20 1.13 0.13 0.37 0.08
S ±10 0.42 0.53 1.16 1.14 0.18 0.37 0.11
S ±15 0.41 0.53 1.16 1.15 0.21 0.37 0.13
in Figure 3. The locations of the three peaks of the quiet Sun
are slightly different from those of the sunspot. This could be
caused by the greater wave speed in the sunspot.
What we are interested in is the magnitude of cross correlation
at the second skip (marked by the arrow), whose location
corresponds to point C in Figure 1. The magnitude of the cross
correlation at the second skip is computed by averaging over
a range of Δ = 0◦.7 about the peak of the second skip. The
value of the averaged magnitude at the second skip is 0.40 for
the sunspot and 0.53 for the quiet Sun. The width of the cross-
correlation function increases by a factor of 1.20 for the sunspot
and 1.17 for the quiet Sun. From Equation (2), the absorption
coefficient a = 0.22. We repeat the computation for the waves
propagating southward and the results are shown in Table 1.
The value of a is sensitive to the measured magnitude and width
of the cross-correlation function. Several factors may affect the
value of a determined with this method. First, if points A and
C are not magnetic-free, the value of a determined here might
not be accurate. Second, if the magnetic field distribution is
not axisymmetric, the acoustic power distribution would not be
symmetric with respect to the wave direction. Thus, the value of
a determined with the waves propagating in different directions
could be different.
It is noted that the effective width of the direction filter is
less than ±15◦ because it is smoothed by the Hanning window
whose 80% power is confined within 37% width. Here, we
also compute a using the direction filter with two smaller
widths: ±10◦ and ±8◦. The results are shown in Table 1.
For the northward waves, the results of different widths are
consistent, as expected from the discussion in Section 2. But for
the southward waves, a becomes smaller for the narrower filter.
One source of variation is the interference from the fluctuating
patterns in the quiet Sun. It is unclear how to estimate the error
of a at this stage. Since the value of a should not depend on
the width of the filter, variations of a derived from direction
filters with different widths may provide information on the
uncertainty of a. If we adopt this to estimate the mean and error
of a, a = 0.23 ± 0.01 determined from the northward waves,
and a = 0.17 ± 0.03 determined from the southward waves.
The dissipation coefficient d in the quiet Sun can be deter-
mined from the rate of change in magnitude and width of F (τ,Δ)
for each skip in the quiet Sun. The method is the same as that
used in determining the p-mode lifetime (Chou & Ladenkov
2007; Burtseva et al. 2007). The results from the northward
and southward waves for different widths are shown in Table 1.
With a and d, one can compute the contribution of absorption to
the power deficit measured in the sunspot. From Figure 1, the
contribution of absorption to the power deficit in the sunspot is
a(1 − d) ≡ Pa in units of I, the acoustic power in the quiet Sun.
The value of Pa for different directions and widths is shown
in Table 1. Averaging over different widths, Pa = 0.15 ± 0.01
for the northward waves, and Pa = 0.11 ± 0.02 for the south-
ward waves. The value of Pa is less than the measured power
deficit in the sunspot. The source of this difference could be the
emissivity reduction or/and the local suppression.
5. SUMMARY
Here we use the property that the waves emitted along the
wave path do not correlate with the waves at the starting point
to determine the absorption coefficient a of a sunspot. We also
determine the dissipation coefficient d in the quiet Sun, which
is equal to the emission coefficient e in the quiet Sun. The
coefficients, a, d, and e, derived here are associated with a
specific wave packet. A wave packet with different frequency
and phase velocity would yield a different absorption coefficient.
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